Hjelmstad, Gregory O. Interactions between asynchronous release and short-term plasticity in the nucleus accumbens slice. J Neurophysiol 95: 2020 -2023, 2006. First published December 7, 2005 doi:10.1152/jn.01149.2005. Glutamate synapses in the nucleus accumbens (NAc) display asynchronous release in response to trains of stimulation. However, it is unclear what role this asynchronous release plays in synaptic transmission in this nucleus. This process was studied, specifically looking at the interaction between short-term depression and asynchronous release. These results indicate that synchronous and asynchronous release do not compete for a depleted readily releasable pool of vesicles.
I N T R O D U C T I O N
Neurotransmitter release at central synapses is tightly regulated. Calcium entry after the arrival of an action potential at a synaptic terminal causes a rapid fusion of vesicles to the membrane and subsequent release of neurotransmitter. However, in addition to this "synchronous" release that lasts for only a few milliseconds after the spike, some synapses display an increased probability of release that can last for hundreds of milliseconds after the action potential, termed asynchronous release (Barrett and Stevens 1972; Rahamimoff and Yaari 1973) . Asynchronous release is enhanced after bursts of spikes, presumably because of a build-up of residual calcium in the synaptic terminal. However, many questions persist about the mechanisms of asynchronous release as well as its relationship to synchronous release, including whether the two processes share the same readily releasable pool (RRP) of vesicles and whether asynchronous release interacts with short-term plasticity. These issues are especially pertinent in light of recent data indicating the spontaneous release and synchronous release use separate pools of vesicles (Sara et al. 2005) .
Many studies investigating the mechanisms of asynchronous release at excitatory central synapses have been performed on cultured hippocampal neurons Hagler and Goda 2001; Otsu et al. 2004) , in part because they show a greater degree of asynchronous release than excitatory synapses in neurons recorded from these same synapses in situ. To explore these issues in situ, we have looked at the interaction between asynchronous release and short-term depression at the corticostriatal synapses in the nucleus accumbens slice, which show considerable asynchronous release after a spike train (Lape and Dani 2004) . At this synapse, synchronous release and asynchronous release are positively correlated and do not seem to compete for a common set of vesicles.
M E T H O D S
Two-to 4-wk-old male Sprague-Dawley rats were anesthetized with isoflurane and decapitated using protocols approved by the Ernest Gallo Clinic and Research Center's institutional animal care and use committee. The brain was removed and placed into an ice-cold Ringer solution (ϳ3°C) containing (in mM) 119 NaCl, 2.5 KCl, 1.3 MgSO 4 , 1.0 NaH 2 PO 4 , 2.5 CaCl 2 , 26.2 NaHCO 3 and 11 glucose saturated with 95% O 2 -5% CO 2 . Coronal slices (350 m thick) containing the nucleus accumbens (NAc) were cut using a vibratome (Leica Instruments). Slices were submerged in Ringer solution and allowed to recover for Ͼ1 h.
Individual slices were transferred to a poly-D-lysine-coated coverslip and visualized under an Olympus Optical (Melville, NY) upright microscope with differential interference contrast optics and infrared illumination. Slices were perfused with Ringer solution at 27°C. Whole cell patch-clamp recordings were made from medium spiny neurons using 2.5-to 4-M⍀ pipettes containing (in mM) 123 Csgluconate, 10 HEPES, 0.2 EGTA, 8 NaCl, 2 MgATP, and 0.3 Na 3 GTP (pH 7.2, osmolarity adjusted to 280). Neurons were voltageclamped at -80 mV, and trains (25 Hz) of excitatory postsynaptic currents (EPSCs) were evoked each 15 s with a bipolar stimulating electrode placed in the NAc shell dorsal to the recording site.
Recordings were made using an Axopatch 1-D (Axon Instruments, Foster City, CA) amplifier and were filtered at 2 kHz and collected at 5 kHz using Igor Pro (Wavemetrics, Lake Oswego, OR). Series resistance was monitored on-line by measuring the peak of the capacitance transient in response to a Ϫ4 mV voltage step applied before each stimulus. Synchronous release was calculated by measuring the integrated current for a 20-ms period after the onset of the EPSC compared with baseline calculated from a 1-ms period measured just before the stimulus artifact. Asynchronous release was calculated as by measuring the integrated current for the period 50 -100 ms after the final EPSC of the train. For determining the proportion of asynchronous release during an EPSC, asynchronous release was calculated as the total charge transfer during the 20-ms period Ϫ the synchronous release. Responses in drug conditions were calculated 10 -15 min after bath application. Some of the data in this paper was obtained from recordings used for previously described experiments (Hjelmstad 2004) . Unless otherwise noted, statistical analyses were performed using the Student's t-test, and significance was defined at P Ͻ 0.05. Results are presented as means Ϯ SE.
R E S U L T S
The synchronous release of glutamate at medium spiny neurons synapses in the NAc shows short-term depression (Hjelmstad 2004 ). In addition, trains of stimulation also produce asynchronous or delayed release. At low stimulus strengths, individual quantal events can clearly be distinguished (Fig. 1A) . Increasing the stimulus strength, which recruits more synapses, obscures the individual quanta (Fig.  1B) . However, the magnitude of asynchronous release can be measured and compared with synchronous release by measuring total charge transfer either during an EPSC or after the end of the train. Figure 1C shows that increasing the stimulus intensity produces a linear increase in asynchronous release (n ϭ 4). Likewise, this same increase in stimulus strength had no effect on the short-term depression of synchronous release (Fig. 1D ). These data argue against a significant role for any stimulus intensity-dependent heterosynaptic processes on either short-term depression or asynchronous release at this synapse.
On average, asynchronous release accounted for ϳ40% of the total release that occurred during the first 20 ms after the eighth stimulus (42 Ϯ 2%, n ϭ 26). If both synchronous and asynchronously released vesicles arise from the same release pool, the two processes should compete for the same vesicles. That is, more asynchronous release should produce more depletion resulting in more short-term depression (i.e., a smaller synchronous response). This was tested by applying the membrane-permeant slow calcium buffer EGTA-AM (200 M; Fig. 2A ). EGTA-AM decreases asynchronous release by buffering the presynaptic calcium transient, but, because of its kinetics, has only a small effect on the probability of synchronous release (Borst and Sakmann 1996; Castillo et al. 1996) . Interestingly, despite a significant decrease in asynchronous release (30 Ϯ 10%, P Ͻ 0.05), the eighth EPSC decreased after the application of EGTA-AM, and short-term depression was unaffected by the buffer (Fig. 2B) .
If synchronous and asynchronous release share the same release pool, we would expect that individual trials with high synchronous release would show less asynchronous release because of greater vesicle depletion. However, Fig. 2C shows that the opposite actually occurs: the trial-to-trial charge transfer during the train was positively correlated with amount of asynchronous release after the train. This correlation had a positive slope and was significant (P Ͻ 0.05) in 10 of 10 neurons examined.
The relationship between synchronous and asynchronous release was studied further by examining the effects of changing release probability on the two processes. Lowering external calcium from 2.5 to 1.0 mM caused a 33 Ϯ 10% reduction in the probability of release (determined by the change in charge transfer of the initial EPSC; Fig. 3A) . On the other hand, the size of the eighth EPSC was unaffected by lowering calcium (2 Ϯ 3%). Although the steady-state synchronous release at the end of the train was unaffected, asynchronous release measured after the train was inhibited by 27 Ϯ 4%.
Other manipulations that lower probability of release produced similar results. Bath application of dopamine (75 M) reduced the initial response and asynchronous release to a similar degree (51 Ϯ 6 and 46 Ϯ 5%, respectively) but did not alter the steady-state response (3 Ϯ 8%; Fig. 3B ). Application of a low dose (10 M) of the calcium channel inhibitor cadmium does inhibit the eighth EPSC (22 Ϯ 8%), although to a smaller degree than the initial EPSC (Hjelmstad 2004) . Again, asynchronous release paralleled the overall change in release probability (41 Ϯ 4 vs. 43 Ϯ 7%; Fig. 3C ). Thus a number of manipulations provide similar results: asynchronous release correlates with the change in the initial response but not with the change in the steady-state synchronous response (Fig.  3, D and E) . Increased frequency of individually identifiable asynchronously released vesicles is evident in the posttrain period. Scale is same as in B. Inset: asynchronous data scaled 5 times. B: same cell as A; raising stimulus intensity obscures individual asynchronous events. Gray areas show regions of charge transfer measurement for initial synchronous and asynchronous release. C: raising stimulus intensity produces a linear increase in asynchronous release (n ϭ 4). Dashed line is an extrapolation from 0 through the low stimulus intensity point. D: short-term depression (STD) in the same group of cells is also unaffected by increasing the stimulus intensity.
D I S C U S S I O N
In contrast to many excitatory synapses in the brain, these data indicate that glutamate synapses in the NAc show considerable asynchronous release in response to trains of stimuli. In fact, during high-frequency (25 hz) stimulation, because of the combination of short-term depression and increasing asynchronous release, the asynchronous release can account for nearly one-half of all release after a stimulus. Interestingly, at higher frequencies, presynaptic inhibitors such as dopamine, which inhibit asynchronous release but do not alter the steady-state synchronous response, decrease the proportion of asynchronous release. Thus one effect of presynaptic modulation may be to improve the temporal fidelity of spike trains.
There is sufficient asynchronous release after a stimulus train to expect significant interactions between synchronous and asynchronous release, assuming that they indeed share the same readily releasable pool. Studies from cultured hippocampal neurons indicate that synchronous and asynchronous release compete for a common set of vesicles. Specifically, EGTA-AM decreases asynchronous release and at the same time increases synchronous release-that is, decrease the magnitude of short-term depression (Hagler and Goda 2001; Otsu et al. 2004 ). Here, EGTA-AM had no significant effect on short-term depression, although asynchronous release was decreased after application of the buffer. While this discrepancy between the NAc slice and hippocampal cultures could be caused by a difference in the mechanisms for asynchronous release, it might instead reflect different processes underlying the short-term depression at these two synapses. Consistent with this, high-frequency stimulation reduces synchronous release to nearly zero in hippocampal cultures, but not in the NAc slice. In addition, other calcium-sensitive mechanisms, such as calcium-dependent reloading of the RRP (Dittman and Regehr 1998) might counteract the effects of reducing asynchronous release with EGTA-AM. Lowering probability of release had little effect on the steady-state synchronous responses while inhibiting asynchronous release to a degree similar to the overall probability of release. Based on the depletion model of short-term depression, the lack of effect on steady-state responses has been attributed to a larger available RRP, because vesicles are not being released during earlier stimuli (Zucker and Regehr 2002) . However, if this is the case, and if asynchronous release shares the same pool, one might expect asynchronous release to also be unaffected. Previous data at the parallel fiber-stellate cell synapse in the cerebellum showed that the overall magnitude of asynchronous release is less sensitive than synchronous release to changes in extracellular Ca 2ϩ (Atluri and Regehr 1998). However, these data imply that, if one accepts the depletion model of depression and assumes a common vesicle pool for both synchronous and asynchronouse release, the actual probability of release for an asynchronous vesicle has a greater sensitivity to both changes in calcium influx as well as to dopamine, which acts downstream of calcium entry at this synapse (Nicola and Malenka 1997) . This is because the change in asynchronous release would occur despite a larger vesicle pool. Alternatively, if asynchronous release arises from an independent vesicle pool or if short-term depression is not be caused by depletion, these results are not unexpected.
The positive correlation between the release during a train and the asynchronous release after the train strengthens the evidence that synchronous and asynchronous release do not compete for a common set of vesicles, which would predict a negative correlation. Importantly, these data also argue that the two processes are coupled-that is, if they were independent, one would expect no correlation at all.
There are two plausible explanations for this positive correlation. First, asynchronous release may arise from a separate, but linked pool of vesicles, such as a "reloading" pool. Under this scenario, trials with greater release will produce a larger pool of reloading vesicles, resulting in more asynchronous release. This scenario is supported by the synaptotagmin knock-out mouse, where synchronous release is absent but slow asynchronous release and spontaneous release remains (Geppert et al. 1994; Nishiki and Augustine 2004) . Thus asynchronous release might be accounted for by vesicles that have docked but have not yet bound to synaptotagmin.
Alternatively, if the variability in the response to the train is caused by variability in calcium influx, we would expect to see more asynchronous release during trials with high calcium influx (corresponding to more release during the train). The hypothesis is appealing because of a recent report at the Calyx FIG. 3. Changing release probability differentially alters short-term plasticity and asynchronous release. A: top: averages of 10 consecutive traces from an individual experiment under control (2.5 mM Ca 2ϩ /1.3 mM Mg 2ϩ ) and low calcium (1.0 mM Ca 2ϩ /2.8 mM Mg 2ϩ ) conditions. Bottom: change in initial synchronous, steady-state (8th) synchronous and asynchronous release in response to lowering calcium (n ϭ 4). B: top: averages of 10 consecutive traces from an individual experiment under control conditions and in presence of 75 M dopamine. Bottom: change in initial synchronous, steady-state (8th) synchronous and asynchronous release in response to dopamine (n ϭ 7). C: top: averages of 10 consecutive traces from an individual experiment under control conditions and in presence of 10 M cadmium. Bottom: change in initial synchronous, steady-state (8th) synchronous and asynchronous release in response to cadmium (n ϭ 6). D: change in asynchronous release vs. change in probability of synchronous release all for 3 conditions. E: change in asynchronous release vs. change in steady-state synchronous release for the same conditions. of Held arguing that short-term depression is caused by calcium channel inactivation as opposed to depletion (Xu and Wu 2005) .
What is the functional impact of asynchronous release? Often, asynchronous release is dismissed as a cost of having a highly tuned synapse. However, recent reports point to a role for asynchronous GABA release in smoothing synaptic responses during high-frequency transmission (Lu and Trussell 2000) and may be involved in gain-control mechanisms (Hefft and Jonas 2005) In addition, asynchronous release can act as a memory trace, keeping a synapse active for hundreds of milliseconds after a spike train. In depolarized neurons, this asynchronous activity would activate N-methyl-D-aspartate (NMDA) receptors, and thus could influence long-term synaptic plasticity such as long-term potentiation (LTP) and longterm depression (LTD). 
R E F E R E N C E S

